
,J, 

. .... 

LBL-14060 
Pre print 

ITll Lawrence Berkeley Laboratory 
.-;t UNIVERSITY OF CALIFORNIA RECEIVED 

Materials & Molecular 
Research Division 

BERKELEY LABORATORY 

P.~li 5 1982 

LIBRARY AND 

DOCUMENTS SECTION 

Submitted to the Journal of Chemical Physics 

CLASSICAL AND QUANTUM MECHANICAL STUDIES 
OF HF IN AN INTENSE LASER FIELD 

Peter S. Dardi and Stephen K. Gray 

February 1982 TWO-WEEK LOAN COPY 

This is a Library Circulating Copy 
which may be borrowed for two weeks. 
For a personal retention copy, call 
Tech. Info. Dioision, Ext. 6782 

Prepared for the U.S. Department of Energy under Contract DE-AC03-76SF00098 

<' 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness o'f any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of th~ 
University of California. 



.. 

LBL-14060 

Classical and Quantum Mechanical Studies of HF 

in an Intense Laser Field 

Peter S, Dardi and Stephen ~. Gray 

Department of Chemistry, and Materials and Molecular .Research Division, 
of the Lawrence Berkeley Laboratory, University of California, 

Berkeley, California 94720 

This work was supported by the Director, Office of Energy Research, 
Office of Basic Energy Sciences, Chemical Sciences Division of the 
U.S. Department of Energy under Contract Number DE-AC03-76SF00098; 
and in part by the National Science Foundation under grant number 
CHE-79-20181. 

_, 



-1-

Abstract 

The behavior of an HF molecule in an intense laser field is investi­

gated with both classical trajectories and quantum dynamics. Vibration­

rotation transition probabilities and energy absorption as a function of 

laser pulse time are calculated for the diatomic initially in its ground 

state. For comparison, results are also reported for a model non-rotating 

HF molecule. It is found that classical mechanics does not predict the 

correct time behavior of the system, nor does it predict the correct rota­

tional state distributions. Classical mechanics does, however, predict 

pulse time averaged quantities to be the correct order of magnitude. 

There is also a correct general trend of increased multiphoton excitation 

for laser frequencies red-shifted from the one-photon resonance, although 

rnultiphoton re.sonance peaks are not observed in the class.ical results and 

far too little multiphoton excitation is predicted, The effect of laser 

phase has also been investigated·and shown to be relatively unimportant 

in both the classical and quantum dynamics, 
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I~ Introduction 

With the development of high powered infrared lasers, much interest 

has been focused on the interaction of molecular systems with intense in­

frared radiation. 1 To understand theoretically how molecules absorb energy 

under such conditions requires a nonperturbative analysis. Because of the 

many degrees of freedom in even small polyatomic molecules, an accurate 

solution of the time-dependent Schrodinger equation is not, at presen~, 

possible for most molecules of experimental interest. Classical trajectory 

models, however, can be constructed and solved for model polyatomics inter­

acting with radiation,
2 

although there remain serious difficulties in defin-

ing accurate potential surfaces and in numerically integrating large numbers 

of coupled, nonlinear equations over the relevant time scale for absorption. 

It is the.refore i,mportant to understand the limitations and accuracy of 

cLassical models. 

The simplest;, ·realistic system to st;udy ;i.s a diatoJitic molecule inter-

acting with a laser. Accurate, nume.rical classical and quantum solutions 

may be obtained for this problem. Because of the small number of quantum 

states involved, this represents a particularly severe test of classical 

mechanics. 3 
Previously, Walker and Preston have perfortned both quantum and 

classical calculations for a model, non-rotating HF molecule. Their results, 

with laser intensities~ 10 TW/cm
2 

(lTW = 10
12 

Watts), indicated good agree-

ment between classical and quantum predictions of energy absorption averaged 

over laser pulse times, except near multiphoton resonances. Various other 

aspects of the problem of a diatomic interacting with a laser have been 

examined using either classical
4 

or quantum5 models. 

.· 
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This paper examines the detailed behavior of a vibrating and rotating 

diatomic molecule in an intense laser field, and investigates the validity 

of classical mechanics to describe this problem. The classical and quantum 

equations of mot·ion are solved numerically for both rotating and, for com-

parison,non-rotating models of HF, initially in its ground state. Laser 

intensities of 1.0 and 2.5 TW/cm
2 

are used, with frequencies in the region 

of the fundamental transition. Energy absorption and transition probabilities 

are calculated as a function of pulse time, as well as the pulse averaged 

absorption. Most of the work is for maximum pulse lengths between 0.9 and 

2.0 picoseconds (between "-'100 and 'V250 optical cycles), although it was 

necessary to integrate the quantum solutions near multiphoton resonances 

for m~ch ionger times. It is. found that classical mechanics does not cor-

rectly de.scribe the time behav~or of the system. Furthermore, classical 

rotational state. di~tl;';lbutions are completely inco1;rect. Classical mechanics, 

ho~ever,. does give the. corre.ct m,agni tude ·of pulse averaged en.ergy absorption. 

In ;J,ddit.ion, class;i:cal mechanics correctly indicate$ the pr~sence of increased 

multiphotqn absorption for _frequencies lower than the one-photon resonance, 

although, in agreement with Walker and Preston's non-rotating results, 3 

specific resonance peaks are not resolved and 0nly a small amount of multi-

photon absorption is seen. The effect of laser phase, which is often neg-

lected, is also studied and found to be only a small effect on the quantum 

results and little or no effect on the classical results. 
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II. Methods 

A. Classical Mechanics 

The Hamiltonian for a vibrating and rotating diatomic molecule, with 

reduced mass ~' in spherical coordinates r, e and ~ is 

2 

H 
0 

Pr . 1 = -·- +--··-
2u 2 2 ur 

<Pe2 + P~2/ . 2a) + V(r) 
'I' · Sl.n 

II-1 

where pr' Pa and p~ are momenta canonically conjugate tor, a and ~,and V(r) 

is the Born-Oppenheimer pot·ential function. A Morse function is used to 

approximate the potential. In the absence of external fields, there are 

three conserved quantities which are the 

the rotational angular momentum J 

j ecti.on of the angular momentum M = p ct>. 

fl . 1 
vibrationa~2action Nv = .... 2 + i1r f prdr, 

P~2 1t 
+ 2 )~, and the z pro-

sin a 
If an oscillating electric field 

of frequency w, z pola.rization, and phase a is. introduced, the Hamiltonian 

becomes 

H = H ~· d(r) cos a E sin (wt +o) 
0 0 

IJ;-2 

where d(r) is the molecular dipole function and E is the field strength, 
0 

which is related to the intensity by6 E = (87TI/c)i. Eq. II-2 is valid in 
0 

the limit of high photon density which is certainly true for the present 

study. For very low intensities, the classical formalism developed.by 
. 7 

Miller could be used. 

With the interaction present, the vibrational action N and rotational 
v 

angular momentum J are no longer conserved. However, with the present choice 

of polarization, M is still conserved since H has no cf> dependence. The com-

plete classical solution· involves specification of the appropriate initial 

conditions and solution of Hamilton's equations.: 

.-
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• em 1 2 2 av ad 
= - -3 (pe + p I 2 ) -- + -. cos e E sin (wt + o) -ar - cp sin e ar ar 0 

11r 

. e . = aHI"' =Pel 2 ope llr 

sin 8 E sin 
0 

(wt + o) 

II-3 

Approximate analytic orbits have been obtained
8 

for a rotating Morse 

oscillator with no external field, and these are used to determine diatomic 

initial conditions (see Appendix A for details). This approximation is 

excellent for the vibration-rotation levels of importance here. The laser 

phase o is also averaged over in most cases (i.e,, each trajectory has o 
chosen randomly between 0 and 27T), although it will be shown to be unimportant. 

The e.rie~gy absorbed as a function of ptllse length is defined by 

II-4 

where N is the number of trajectories and E1 is the initial molecular energy, 
. 

which in the present study is the ground state (v = 0, j = 0) energy. The 

final vibrational action N after a pulse of length t is also calculated 
v 

with the rotating Morse oscillator
8 

approximation. Appendix A shows that 

this is an excellent approximation for the states of interest here. J is 

2 2 2 
calcul~ted directly from J(J+l) h = Pe + p~ I . 28 . 

'I' s1n 
(Note: p = 0 in the 

¢ 

present study since J=O initially.) With h=l N and J are boxed according , v 

to the nearest integers v,j such that v-l/2~N~v+l/2 and j-l/2~J2j+l/2, which 

is the usual quasiclassical quantization procedure. The transition probability 

into a particular v,j state, as a function of pulse length is 
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P c.L (t) = N ( )/N . t 
V,J V,J 

II-5 

where N . (t) is the number of trajectories with final actions in· the v,j 
VJ 

box. 

Of course, a single trajectory integrated out to some large pulse 

length T contributes to all intermediate pulse time results. Similiar to 

3 
Walker and Preston, the pulse averaged energy as a function of laser fre-

quency w is defined as 

1 =-
T 

II-6 

For comparison, non•rotating calculations were also performed. These 

3 calculations were done in the same manner as described by Walker and Preston. 

For technical details of the numerical calculations, see sec. II-C. 

B. Quantum :t1~cbani.cs. 

5 
Although Leasure, Milfeld and Wyatt have developed an efficient and 

elegant means of determining the long time solutiori, the. time scale of in-

terest here ;Ls short enough (~ 20ps) that direct integration of the coupled 

quantum equations is possible. 

The total wave function is expanded as 

'¥ _(r,6;<j>,t) = :E • C. (t)Y. (r,6,<j>) 
m. V,J V]m "VJm 

II-7 

with 

Y. (r,8,<j>) = R (r) Y. (8,¢)/r .-
·~Jm v Jm 

TheY. are spherical harmonics and R are Morse eigenfunctions. 9 Strictly 
Jm v 

speaking, R should al.so depend on j, but in the present problem, with only 
v 

small values of j being-important, such rotational. corrections should be 



-7-

small. As in classical mechanics, the z component of the angular momentum (mh) 

is conserved. Since the present study involves j=O initially, m is zero through-

out. In all subsequent equations m is understood to be zero. If the molecule 

had j~O initially, it would be necessary to avettage.over transition probabilities 

for all integer values of m such that -j <m2j • 

Inserting eq. II-7 into the time-dependent Schrodinger equation results 

in the coupled equations 

A 

where theE 
0 

are eigenvalues of H and the D 1 • 1 • are matrix elements 
vj o v J VJ I [ (j + 1)2 

..1 

3) J 2, 
j I = 

j + 1 I~ 00 

-f R d (r) R dr X 
(2j + 1) (2j + D = v 1 j 1 vj vi . . 2 1. v 

[ (2j - .1) J.)J2· J' j - 1 . 0 = 
(2j. + 

II-9 

It will be shown later, as with the classical results, that the laser phase 

cS does not appreci.ably effect the results. For efficiency, the majority 

of the quantum calculations are made with a fixed Q of rr/2. The coefficients 

C . of eq~ U-8 must be complex. Thus, writing C . = X . + i Y . , one 
~ ~ ~ ~· 

obtains the coupled real equations 

. 
E ~ - h y = X + i: vlj' D X E vj VJ vj v 1 j 1 vj v'j I 

. E o h X y + E v' j' D 
v 1 j 1 vj 

y 
vi j I 

E vj VJ vj 

For comparison with\ the classical results, 

in the transition probabilities 

p ~M(t) -
VJ 

the energy absorption 

c . (t) 12 
VJ 

sin 
0 

(wt + o) 

II-10 

sin (wt + o) 
0 

we will also be interested 

II-11 
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<E (t).) QM = Evj E 
0 
. - El 

VJ 
II-12 

where E
1

, the initial energy is taken to be the ground state energy, and 

the pulse length averaged energy absorption, 

1 T 
EQM (w) = T f <E(t)) QM dt II-13 

0 

We also study the non-rotating case in a similiar fashion. One may 

obtain the non-rotating equations by omitting all factors that include j 

and m in eqs. II-7 - II-12. 

For technical details of the numerical calculations, see sec. II-C. 

C. Computational Details 

-a(r-r ) 
( e )2 A Morse potential, V = D 1 - e , was used for HF, with para-

3 
~et~rs D = 0.22509,a = 1.1741, and r = 1.7329 a.u, ·s~nce relatively low e 

v states are ~I\volved, a ].inear approximation to th.~ dipole function is 

satisfactory, d(r) = d
0 

+ d1 (r-re) withSc d
0 

= 0,716 and dl = 0.310 a.u. (1 Debye = 
4c 0.39343 a.u.) Some work, in fact, was done with a quadratic form for d(r), 

and that did not significantly affect our results. 

2 Laser intensities of 1.0 and 2.5 TW/cm were used, which correspond 

to field strengths E of 0.005338 and 0.008440 a.u., respectively. 
0 

(1 V/cm = 
-10 1.9447 X 10 a~u.) The matrix elements 0 1 • 1 • of eq. II-9 were evaluated numerically 

. V J VJ 

although analytical 
. ·. . 9 

forms do exJ.st. Some typical elements are o1100 = 0.022, o
2211 

=·0.028. and o2011 = 0.032 a.u. 

For the classical rotating HF calculations, 1000 trajectories with 

random initial conditions (see Appendix A) were run for most frequencies. 

Monte Carlo errors in the quantities of interest were between 10 and 15%~ 

For the non-rotating.calculations, SO trajectories .were.run for each 
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frequency. In this case it is more efficient to increment the vibrational 

angle variable in a step-wise fashion between 0 and 2~ than to pick it ran~ 

domly. The classical equations of motion were integrated with a standard 

d · 1 · hmlO · h 0 9 1 5 Th . . . pre ~ctor-corrector a gor~t to e~t er • or . ps. e traJector~es 

were back-integrable to four significant figures in all variables. Integra~ 

tion of the classical equations of motion beyond about 1.5 ps is extremely 

difficult due tQ the accumulation of error. The integration of oscillatory 

nonlinear differential equations over long time periods is still a current 

problem in numerical analysis. 11 

By between o·.9 and 1.5. ps, the pulse averaged energy absorption, eq. 

II-6, appears to be converging, but has not yet fully converged. However, 

reasonable estimates of the convergedECL (w) can be obtained, since (E(t))C
1 

has either reasonably leveled off or oscUlates with a small amplitude. 

Thus, either t.he appJ;oximate leveled off value or the average of the oscil-

lations i.n ~E (t)?c:L is taken to be ECL (w) •. 

The quantufll equations of motion, eqs, I:I;-10, were ;integrated with the 

same predictor-corrector algorithm used in the classical claculations. An 

adequate basis for HF with the intensities and time scale of interest con-

sisted of the first five v· and first five j states, i.e. a 25 term expansion. 

The non-rotating quantum solutions were obtained in an analogous fashion, 

using the first five vibrational states in the wavefunction expansion. The 

solutions were stable to the addition of more basis functions and probability 

was conserved to at least nine significant figures. Most of the quantum 

solutions were integrated to 2 ps, although when the laser frequency was 

near a multiphoton resonance, it was necessary to integrate to times in the 

10-20 ps range. Interestingly, because the quantum equations are linear, 

it is possible to integrate 50 coupled quantum equations to times exceeding 
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20 ps, which is much longer than it is practical to integrate only four 

nonlinear classical equations. 

The quantum pulse averaged energy absorption, eq. II-13, was obtained 

by numerical integration. EQM(w) was found to converge within 15% with 

maximum pulse lengths of 2 ps, except near the two multiphoton resonances 

-1 -1 
(v = w/2Trc = 3937 and 3879 em for rotating and 3879 em for non-rotating 

HF) where maximum pulse lengths between 10 and 20 ps were required for con-

vergence. Note that it was sometimes necessary to average over small oscil-

lations that were apparent in EQM as a function of pulse length T to obtain 

the best estimate. 

To aid in the interpretation of the results, Table I gives the relevant 

E 0 le.ve.ls for HF, calculated with the rotating Morse pscillator formula. 
8 

vj 

Ill, R.e.sults a.nd Discus~U.on 

A. Energy Absorption Spectra 

The quant~ and classical pulse time averaged energy apsorption spectra 

are plotted in Fig. la for non-rotating and Fig. lb for rotating HF, with 

2 laser intensity 1.0 TW/cm. The plot fornon-rotating HF is similiar 

to plots of Walker and Preston3 for higher intensities (~ 10 TW/cm2). At 

2 
1.0 TW/cm , though, the· quantum structure is more resolved. The major fea=- · 

- -1 tures are a narrow two-photon resonance at v = 3879 em (i.e., the v; = 0 

to v = 2 absorption), and a broad one-photon resonance.at 3966 cm-l (the 

v =·0 to v = 1 absorption). The classical spectrum shows just one very 

-1 broad peak with a maximum at about v ~ 3940 em While the classical 

spectrum does not have any of the quantum structure, examination of the 

classical state distribution does show the presence of a small amount of 

two-photon absorption, as the frequency is lowered. Details of this will 

,• 
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be given later. 

For rotating HF, the spectra (Fig. lb) are qualitatively similiar to 

the non-rotating case. There are three peaks in the quantum spectrum: 

one broad peak near v = 4006 cm-l (the (v,j)' = (0,0) + (1,1) one-photon 

-1 
resonance) with a full width at half maximum (FWHM) of~50cm , and two 

. -1 narrow peaks near v = 3937 em (the (0,0) + (2,2) two-photon resonance) 

and 3879 cm-l (the (0,0) + (2,0) two-photon resonance), each with a FWHM of 

-1· 
< 10 em The classical spectrum has one very broad peak which peaks 

near the (0,0) + (1,0) -1 resonance at v = 3966 em Overall, the clas-

sica! solution for rotating HF gives a general idea of the absorption. 

As in the non-rotating case, the classical result predicts increased two-

photon absorption for frequencies red-shifted from the one--photon resonance, 

as will be see11 below in sec. IIIB. 

In Fig. 2, the rotating HF average ene.rgy absorption for I = 2.5 TW/cm
2 

is shown. Qualitatively, the quantum peaks become broader and overlap more 

2 
than the 1. 0 TW/ em. . case. There. appears to be a small power shifting o~ 

the resonance peaks, toward higher frequencies; but it has not been resolved 

(~ee ref. 5c for a discussion of power shifting). Classically, the absorp­

tion also broadens relative to 1.0 TW/cm
2 

and the peak maximum appears to 

shift to lower frequencies, indicating more multiphoton absorption. 

B. Transition Probabilities 

In this section the approximate time averaged transition probabilities 

into various states are examined qualitatively to help show the relative 

amounts of one and two photon absorption. Looking at the classical results, 

it is clear that classical mechanics does not give the correct rotational 

state distribution. Classically, there are large prob~bilities for ending 
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in the (0,1) and (1,0) states, which correspond to high order processes 

in quantum mechanics. These transitions are no.t obserVed to any iarge 

extent in the quantum results. To get a meaningful comparison; only the 

probabilities for ending in a particular vibrational level will be con-

sidered, i.e., a sum is taken over rotational states within a vibrational 

level. 

Table II shows the quantum and classical time averaged probabilities 

at various frequencies for rotat~ng and non-rotating HF, with I = 1.0 TW/cm2 • 

Each peak of the quantum solution can be seen to be either a one or·a two 

photon absorption, with both processes observed appreciably only where 

peaks overlap. At higher intensities the peaks will broaden and overlap 

more, but each peak will still correspond to a particular absorption. The 

clas·si.cal r::e.sults do indicate the prese'Jlce of some two photon_ absorption 

a.s. the. ~r::e.que'Jlcy is. de.ct;"ea~ec;l. nut. class.ically' the.;r;e :i..s a very gradual 

change wh;i.ch ~esult:; in the ve-,;y brqad single peak in t;he spectrum (Fig, 1), 

rather th.an the abrupt changes in the quant;~ results. 

To sh_ow some intensity effects, average probabilities for rotating 

HF at 2.5 TW/cm
2 

are given in Table ll;;E. For this. larger ;intensity, both 

classically and quantum me~hanically, the excited states become more populated. 

C. Time Behavior 

The previous two sections were concerned with average quantities. In 

this section the energy absorption and transition probabilities as a func-

tion of time are examined. The quantum mechanical laser phase used in this 

section was fixed at rr/2. The effect of laser phase is examined in the 

next section. 

In Fig. 3, a comparison of classical and quantum energy absorption as 
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a function of time is given for non-rotating HF at v = 3966 cm-l (the one 

photon v=O to v=l resonance). The quantum results show oscillations with 

a period of about 0.75 ps with no sign of damping out to 1.5 ps. As this 
. 2 

frequency and intensity (1.0 TW/cm ) the solut~on is well approximated by 

a two-level system (i.e., the Rabi model12a). In contrast, the classical result 

oscillates with a frequency of about 0.4 ps and a smaller amplitude. Also, 

it appears as though the oscillations may be damping. 

Fig. 4 shows the classical and quantum time dependent energy absorp-

- -1 . . 
tion for rotating HF with v = 4006 em (one photon (0,0) + (1,1) resonance). 

The results are similiar to those in Fig. 3 for non-rotating HF. In this 

case, though, the classical result appears to level off even faster. The 

behavior of the quantum solution is again well approximated by the two 

level Rabi model.~la The quantum s.olution has been followed for up to 

20 ps w;i,th no c;Lea.r sign of dampin,g. 

-1 
The quantum result for the two:-photon resonance at 3937 em (.(0;0) + 

(2,2) J;eson~nqe) is tonsidel,"ably.differ.ent (Fig, 5) The complicated nature 

of the. oscillations may be contrasted wi.th the Rabi oscillations of Fig. 4. 

From Fig 5 it can be seen that the two-photon absorption is a long time pro-

cess. The corresponding classical result (Fig. 6) also seems to show some 

aspects of the slower growth in absorption, although the solution is reason-

ably level by 0.9 ps. 

In Figs. 7, 8 and 9, plots are shown for some transition probabilities 

as a function of time, again for I= 1.0 TW/cm
2

. Here, the classical solu-

tion is actually broken up into rotational levels, so that the discrepancy 

with quantum mechanics can be seen. -1 
The results for v = 4006 em are given 

in Fig .. 7. The quantum solutions for P 01 and P 
10 

are not shown since they 

are very small (< 10-
2
). Qualitatively, the probabilities show the same. 
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behavior as the energy absorption as a function of time, i.e., the clas-

sical solutions tend to level off more and the quantum solutions appear 

periodic. Note that in reality there are high frequency, small amplitude 

oscillations that are superimposed on the quantum probabilities. These 

oscillations have not been resolved in our graphs and thus give rise to 

some roughness, particularly near peak maxima. 

The classical probabilities for rotating HF at v = 3937 -1 em are 

shown in Fig• 8. It can be seen that the v = 2 state gets significantly 

populated, but the v = 1 state is also significantly populated. The quan-

tum probabilities near the two photon resonance at v = -1 
3937 em are shown 

in Fig. 9. The resonant probability P22 Ct) displays a long period which 

essentially matches the period of <E(t)>QM in Fig. 5. Another reasonably 

significant; probability is P 
11

, whi.ch is not shown, P 
11

(t) displays a 

higher frequency oscillation and can reach a maxi.mum of '\i 0, l.3. The other 

. -1 . -
two-photon resonance, at v = 3879 em is not plotted here. Qualitatively, 

the classical. results for this frequency show much less excitation than for 

-1 
3937 em • There is a small amount of v = 1 excitation and no v = 2 exci-

tation. Essentially no rotational excitation is seen in the classical re-

sults for this frequency. -1 The quantum results for 3879 em show somewhat 

-1 less excitation into the (1,1) state than for 3937. em , and again the res-

onant probability, P20 , displays a long period. 

D. Laser Phase Effect 

Based on the classical and quantum equations of motion (eqs. II-3 and 

II-8), without additional approximations, one would expect the solution to 

be dependent on the choice of laser phase 6. Without allowing for the 

details-of how the field is turned on, a complete study should involve 

.• 

--
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averaging over the laser phase to obtain the most meaningful results. 13 

The laser phase dependence, however, disappears from the quantum 

equations in the rotating wave approximation,
12 

as shown.in Appendix B 

for the two state model. However, for sufficiently large field strengths 

or de-tuning of w from resonance, the rotating wave approximation will 

12c · 13 
breakdown. Thus, for example, Moloney and Meath ·have shown the 

laser phase dependence ·Of· probabilities as a function of time for a two· 

state model. They found increasing phase effects for larger field strengths 

and at multiphoton resonances. 

The situation is not quite as clear in the classical analysis. How-

ever, if only the relative difference between laser and vibrational phases 

is important, then it would be sufficient to average only over the vibrational 

phase, without averaging over th~ laser phase, i.e.., the laser phase would 

not matter. The conditions foJ." this to be true probably· include that w 

be close. to resopance.. 

To access the effect of laser phase <5 on the present problem, consider 

2 ' 
first non-rotating HF. For an intensity af 1.0 TW/cm and frequencies of 

-1 
3966 and 3879 em , the classical solutions were obtained for fixed o of 

0 and 7T/2. 500 trajectories were run for each solution to ensure no stat-

is tical error. Over the entire 1. 5 ps range, <E (t)) CL for the two phases 

agreed to between 2 and 4 significant figures. The quasiclassical probabilities also 

were in excellent agreement. Similarly, the non-rotating quantum results 

for the same conditions showed little phase dependence. 

2 We also examined rotating HF at 1.0 TW/cm for the possibility of 

phase effects. Within the Monte Carlo error (S 15%), no clear phase effect 

can be distinguished in the classical results. However, slight discrepan-

cies in the time-dependent quantum solutions may be seen, since no 
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statistical error is present. Table IV lists some relevant probabilities 

- -1 
and (E(t))QM for o = 0 and n/2, at v = 4006 em Other phases between 0 

and n were also examined, but the largest differences were found between 

o = 0 and o = n/2. Despite v being almost exactly on resonance, slight 

differences may be noted, particularly in the probabilities. These dif-

ferences become larger near peak maxima and can be as much as 4%. How-

ever, such differences are comparable in amplitude to the high frequency 

oscillations that are superimposed on the Rabi oscillations and do not 

appreciably effect the overall behavior. Notice that <E(t))>QM is not 

effected much by these differences, indicating that the other probabilities, 

which are small and not listed, tend to compensate. TableV presents sim-

-1 
ilar results for v = 3937 em Although this is a two-photon resonance, 

-1 
the disc.~epancies due to lase.r phase!? are comparable to the w = 4006 em 

2 
J;"esults. Thus, for ;t.ntel).s;tt;les '\J 1. 0 TW/ em , and the present frequency 

range, the effect of lase.r phase is. small and can be n,eglected for most 

pi;actical purposes, 

IV. Concluding Remarks 

In summary, the detailed dynamics of both rotating and non-rotating 

models for HF in an intense. laser has· been investigated with both classical .. 

and quantum mechanics~· The. frequency range covered included one-photon as 

well as· two-photon resonances. 

It is found that classical mechanics does not predict the correct ro-

.tational state distributions. Also, the time behavior of the classical 

solution is qualitatively different from the quantum one. Classical mechan-

ics does give the correct magnitude of pulse time averaged quantities such 

as the average energy absorption, but does not give the detailed resonance 

.• 

.• 
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peaks for multiphoton absorptions. Classical mechanics does correctly 

indicate more multiphoton absorption as the frequency is red-:-shifted from 

the one-photon resonance, but it predicts far too little such absorption. 

The laser phase has clearly been shown to be an unimportant effect 

for the transitions and intensities-of interest here; although it could 

conceivably be important for much higher intensities. 

It is difficult to extend these conclusions to polyatomic systems in 

intense laser fields, which are of greater interest.· .. These results do 

indicate, however, that care should be taken when classical mechanics is 

applied to molecular systems. There is the real possibility, of course, 

that the increased number of states·in a polyatomic could make classical 

mechanics a better approximation to quantum mechanics than for the present 

case of a, diatol!lic. The sam,e may be t:ruefor a diatomic initially in an 

exc;i:.ted state, or :i.n a l!l<n:;-e ;i.._ntense field, where l!lOre ~tate~ may become 

populate.d. 
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Appendix A. Initial and final conditions for a diatomic molecule in the 

rotati!lg Morse oscillator ap_p_rq_~:L~t:j.on.~·-----------· 

To clasicalLy determine probabilities, it is necessary to average over 

initial conditions. For an isolated diatomic molecule, one can change 

variables to action-angle variables (N , Q ), (J, QJ) and (M, QM) such that 
. v v . . . 

N = J = M = 0, with N being the vibrational action, J the rotational action v v 

or angular momentum and M being the projection of the angular momentum onto 

the z axis. These variables allow a connection with quantum mechanical 

states to be made ~asily. 8 The probability P of some event may be obtained 

by averaging over the initial angle variables Qv' QJ, QM for fixed Nv, J 

and M, 

p = (2tr)-3 2tr 2tr 2tr 
J ' dQV I ' dQJ f A-1 
0 0 0 

where. X= 1 if the event occurs and 0 if it doesn't occur for the given 

i.n:i,ti.al conditions. Usually., the angular momentum is randomly oriented in 

space, so an average may be taken over M: 

J 
p = I dM p /.J 

_-J /f dM, 
-J 

1 
2J 

J 
f dM p 

-J 
A-2 

T d h M C 1 . i 14 h . bl f . . o o t e onte ar o l.ntegrat on, t e var1.a es o 1.ntegrat1.on are 
+ 

changed to ~' with 0 < ~- < 1, such that 
].-

2 ~ - 1 = M/J 
1 

2tr ~2 Qv 

2tr ~3 = QJ 

2tr ~4 QM 

:\ 

A-3 
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Eq. A-2 then becomes 

P = 1' 1 ~N (1) 1m N ~ XN J M ~ 
N+ 00 i; V 

A-4 

That is, one averages X over N random evaluations oft (each component of 

+ 
; is taken to be a pseudo-random number for a given evaluation). 

Approximate relations between the action-angle variables and ordinary 

molecular coordinates have been given by Porter, Raff and Miller
8 

for a 

rotating Morse oscillator. The orbits given by them for 8 and ¢ are not 

strictly correct. The corrected orbits are 

1 { (-2a)[b + Jb2 • 
r(t) r £n - 4ac sin (~ t + QN)] A-Sa 

e a 

l . 
8 (t) = arccos [Jl A cos (wJ t + QJ + sign (pr) Jb.J)] A-Sb 

¢(t) = . (A cot [ 8 ( t)]) 
QM + s1gn (pe) arccos j~ _ )..2 , A-Sc 

where the. formulae for a,b,c,wN,WJ and b.J may be found in Ref. 8 and are not 

repeated here. The errors in the angular orbits arose from omission of 

a sign (pr) and sign (p8) factor in the generators wr and we respectively 

(eqs.8a and 8b of ref. 8). Another slight error is in eqs. 30b and 30c 

of ref. 8. Here, the factor r 2 
should be replaced by the expansion for 

2 
r given by their eq. 3. 

Thus, to generate the initial conditions for a diatomic we first pick 

A. , Qv' QJ, and QM randomly according to eqs. A-3. Them, since the cal­

culations are to be made in spherical coordinates, r, 8 and ¢ are calcu-

lated from eqs. A-5. pr and p
8 

may be obtained by either conservation of 

energy and angular momentum, or by differentiation of eqs. 30 of ref. 8. 

This procedure is completely equivalent to randomly orienting the molecule 

and its angular momentum vector and picking 

: 

.-
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only r and p from the action-angle variable formulae, which is the more 
r 

standard approach. 14 Thus the present approach offers no technical advan-

tage over the ordinary approach for most applications, including the pre-

sent one, except when the rotational angle variables play an important 

role, as in some semiclassical applications. 

The vibrational action N is calculated at a time t from the approximate 
v 

formula of ref. 8, 

N = - ~ + ~ (-;;-b - r::a) 
v 2 et 2'1/-c '1/ "' 

A-6 

and only depends on the molecular energy and angular momentum state J(J+l)h 2 

N 1 1 d · 11 (N -- - h_. + - 1 f p dr) was ca cu ate numer1ca y v · v · · 2 2rr r 

as a check on eq. A-6 and, for all N and J with J < 10, N from eq. A-6 
v - v 

is accurate to three significant figures, Thus, essentially no error is 

introduced by the use of eq. A-6 for N in the present study. 
v 
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Appendix B. Effect of laser phase on the two state model. 

For a two state model with states labeled A and B, eqs. II-8 become (h=l) 

If one now replaces CA and CB by SA and SB such that 

- 0 0 
one obtains (EAB = EA - EB ) 

'E o -~A t 

'E o -~ t 
B 

• l · . -i (EAB +w) t -io -i (EAB -w) t icS -i (Wt+Q) 
SA= 2 {SBDAa~0 [e · e -e · e ]+SAEoDM[,e 

• l i (EAB -w) t -i o i (E AB +w) t iq -i(wt+cS) 
SB= 2 {SADAB~0 [e e -e e ]+SBEoPBB[e 

B-2 

i(wt+<S) 
-e 

i(wt+o) 
-e 

Th 
. . . 12 e rotat~ng wave approx~mat~on involves omitting the highly oscillatory 

±iwt ±i (EAB+w) t 
terms involving e and e Thus 

Within this 

laser phase 6 is 

is made, so that 

. 1 
-i(E - w)t io 

AB 
SA = - 2" 5B0ABEo e e 

i(EAB - w)t -io . 1 
SB =· 2SADABEo e e 

approximation, it can easily be shown that the 

not important. To see this, the substitution 

B-4 becomes 

s I~ 
B 

1 -i(EAB - w)t 
s I E 2 B 0AB o e 

B-4 

effect of 

SB 
I =·S e io 

B 

B-5 

] } 

B-3 

] } 

.-
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SB' may be obtained by solving B-5 and the probabilities PA = 

lsl 2 --ls'l 2
h · h d d Al · 1 = B B ave no p ase epen ence. ternat~ve y, 

eq. B-4 can be expressed as a second order equation in which the radiation 

phase does not appear. 

One should note carefully that the rotating wave approximation is 

valid only H
12

c (i)w:;EAB and (ii) w>>DABE
0

,DAAE
0

,DBBE
0

. The second condition 

is often not stated, but is necessary if the oscillatory terms are to be 

unimportant. 2 Cons.ider, for example, HF in a 1.0 TW/cm laser near the 

-1 
one-photon resonance at 4006 em with state A= (0,0) and B = (1,1). 

Condition (i) is satisfied and, with E
0 

= 0.00534 a.u., DAB:::: 0.022 a.u., 

DAA"' DBB ::: 0, condition (ii) is 0.0182 » 0.0001, which is reasonably 

satisfied. 
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Table.!. Relevant energy levels for HF, according to the rotating Morse 

oscillator approximation. 

E 
0 

v j . .. 
j ~-1 v a.u. c 

-
0 0 0.0093309 2048 

0 1 0.0095187 2089 

0 2 0.0098941 2171 

1 0 0.0274001 6014 

1 1 0.0275819 6054 

1 2 0.0279454 6133 

2 0 0.0446793 9806 

2 1 0.0448551 9845 

2 2 0.0452065 9922 
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Table II. Approximate time averaged probabilities for vibrational 

. 2 transitions of HF 1n a 1.0 TW/cm laser. 

non-rotating rotating 
' A A 

- -1 ( p\ (p p'l v(cm ) Po pl 2 0 pl 2 
~. 

3850 0.88(QM) 0.08 0.04 0.99 0.01 0.00 

1. 00 (CL) 0.00 0.00 

3879 0.47 0.08 0.45 0.53 0.03 0.44 

0.88 0.12 0.00 0.99 0.01 0.00 

3900 0.83 0.11 0.06 0.96 0.03 0.01 

0.73 0.19 0.08 0.94 0.04 0.02 

3937 0.69 0.28 0.03 0.47 0.07 0.46 

0.69 0.24 0.06 0.67 0.27 0.06 

3966 0.51 0.47 0.02 0.87 0.12 0.01 

0.63 0. 36 0.01 0. 58 . 0.40 0.02 

4006 0.69 0.30 0.01 0.50 0.49 0.01 

0.68 0. 32. 0.00 0.66 0.34 0.00 

4085 0.93 0.07 0.00 0.95 0.05 0.00 

0.90 0.10 0.00 0.88 0.12 0.00 
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Table III. Approximate time averaged vibrational transition probabilities 

2 (a) 
for rotating HF in a 2.5 TW/cm laser. 

- -1 
v(cm ) Po pl p2 r 

3879 0.5l(QM) 0.07 0.42 
~ 

0.88(CL) 0.07 0.05 

3900 0.90 0.05 0.05 

0.67 0.17 0.16 

3937 0.48 0.10 0.42 

0.50 0.31 0.19 

3966 0. 77 0.18 0.05 

0.52 0.39 0.09 

4006 0.52 0.45 0.03 

0.61 0.37 0.02 

4085 0.89 0 .1,1 0.00 

0.78 0.20 0.00 

(a) -1 
The classical results shown for v = 3879 and 3937 em were actually 

-1 
run at 3870 and 392 7 em , respectively. The probabilities will not vary 

much since the classical peak is broad. It was displayed in the table 

this way to avoid confusion since the overall trends are still clear. 
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Table IV. Quantum mechanical transition probabilities and energy absorbed 

as a function of pulse time for laser phases of 0 and ~/2 at 

w = 4006 em -1 2 
and I = 1.0 TW/cm . 

.. 
Poo p22 E(t) QM(a.u.) 

~. ,----A-_, .-~ I . 

6 ~ 0 . 6 = ~/2 . ._ t(ps) 6 = 0 6 = TT/2 6 = 0 6 = TT/2 

0.0 1.00 1.00 0.00 0.00 0.0000 0.0000 

0.4 0.30 0.32 0.63 0.66 0.0125 0.0126 

0.8 0.13 0.14 0.81 0.83 0.0156 0.0158 

1.2 0.94 0.95 0.05 0.05 0.0010 0.0009 

1.6 0.51 0.53 0.44 0.45 0.0084 0.0086 

2.0 0.03 0.03 0.92 0.92 0. 0177 0.0179 

2.4 0.81 0.81 o~17 0.17 0.0034 0.0033 

2.8 0.73 0.73 0.24 0.24 0.0047 0.0048 

3'.2 0.01 0.01 0.95 0.94 0.0180 0.0182 

3.6 0.62 0.62 0.36 0.36 0.0068 0.0069 

4.0 0.88 0.90 0.09 0.09 0.0018 0.0017 

4.4 0.08 0.09 0.87 0.88 0.0167 0.0169 
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Table V. Quantum mechanical transition probabilities and energy absorbed 

as a function of pulse times for laser phases of 0 and rr/2 at 

-1 w = 3937 em 
2 

and I = 1.0 TW/cm . 

,• 

Poo p22 <E( t)) QM(a. u.) 
-!·· 

~ ~ ~~ 
t(ps) 0 = 0 o = rr/2 o = 0 o = rr/2 0 = 0 o = rr/2 

0.0 1.00 1.00 0.00 0.00 0.0000 0.0000 

0.4 0.93 0.93 0.05 0.05 0.0021 0.0019 

0.8 0.78 0.80 0.19 0.19 0.0072 0.0071 

1.2 0.57 0.58 0.37 0.38 0.0142 0.0144 

1.6 0.36 0.37 0.57 0.57 0.0218 0.0219 

2.0 0.18 0.18 0. 71 0. 74 0.0282 0.0284 

2.4 0.05 0.05 0.83 0.81 0.0320 0.0324 

2.8 0.00 0.00 0.83 0.86 0.0333 0.0338 

3.2 0.03 0.03 0.80 0.80 0.0322 0.0324 

3.6 0.14 0.13 0.69 0. 71 0.0283 0.0287 

4.0 0.27 0.29 0.56 0.57 0.0231 0.0233 

4.4 0.47 0.47 0.40 0.40 0.0169 0.0170 
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Figure Captions. 

Figure 1. Classical and quantum·mechanical time averaged energy absorption 

2 
for HF in a 1.0 TW/cm laser. a) non-rotating HF, b) rotating HF. 

Figure 2. Classical and quantum mechanical time averaged energy absorption 

for rotating HF in a 2.5 TW/cm
2 

laser. 

Figure 3. Time~dependent energy absorption for non-rotating HF with v = 

3966 cm-l and I= 1.0 TW/cm2 . 

Figure 4. Time-dependent energy absorption for rotating HF with v = 4006 cm-l 

and I = 1. 0 TW I em 2 . 

Figure 5. Quantum mechanical time-dependent energy absorption for rotating 

HF with v = 3937 cm-l and I = 1.0 TW/cm2 . Note that th~ jaggedness 

is due to poor resolution of the high frequency oscillations. 

Figure 6. Classical time-dependent energy absorption for rotating HF with 

v = 3937 cm-l and I= 1.0 TW/cm2 . 

Figure 7. 

Figure 8. 

Figure 9. 

Classical and quantum mechanical probabilities P . for HF with 
VJ 

v = 4006 cm-l and I= 1.0 TW/cm
2

. The jaggedness of the quantum 

results is due to poor resolution of the high frequency oscillations. 

-1 
Classical probabilities P for HF with v = 3937 em and I = 

Vj 
2 

1.0 TW/cm . 

Quantum mechanical probabilities P00 and·P22 for HF with v = 

-1 2 3937 em and I = 1.0 TW/cm . The jaggedness is due to poor. 

resolution of the high frequency oscillations. 
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Figure 4 
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